Abstract: Visible light communications (VLCs) utilizing multi-color light-emitting diodes (LEDs) can achieve a high modulation bandwidth and high-quality illumination compared with phosphor-converted LEDs, which have attracted much attention. However, the spectrum overlapping of different colors may cause the crosstalk problem, which should be considered in the practical multi-color LED-based VLC systems. Due to the ever-increasing energy consumption, the interest in an energy-saving communication technique has further increased. In this paper, in order to maximize energy efficiency, an optimization problem of the optical power allocation scheme is formulated for the multi-color LED-based VLC systems under the necessary communication requirements and illumination constraints with luminance, chromaticity, and signal to interference plus noise ratio (SINR) constraints. Simulation results indicate that the proposed optimal power allocation scheme can reduce energy consumption while satisfying the illumination and communication requirements.
with optical filters. In [9] , the RGB LED-based WDM-VLC system has been experimentally realized with an aggregate data rate of 4.5 Gbps. Moreover, an off-line 8-Gbps data rate VLC system can be achieved based on RGBY LEDs [10] . Unfortunately, these works merely pursue a higher transmission rate, ignoring the practical illumination requirements. Recently, some works analyzed the illumination quality with brightness and chromaticity constraints while guaranteeing the communication functions. The work in [11] proposed the power and transmission rate optimization design for the LED-based color-division VLC systems under the chromaticity constraints. Utilizing RGB LEDs, the optimal constellation design was formulated subject to some practical lighting constraints in [12] . An optical power allocation scheme was proposed in [13] to maximize the multi-user sum-rate for the multi-chip LED-based VLC systems in consideration of the luminance, chromaticity, amplitude, and bit error rate constraints. However, the practical multi-color LED-based VLC system have the channel crosstalk problem due to the overlapping spectra of the LEDs and the imperfection of optical filters [14] , which were ignored in the previous works. Besides, as a major source of energy consumption, the lighting energy saving problem has attracted considerable attention. Therefore, an energy-efficient VLC system should be established and deserves further research.
In this paper, the model of the multi-color LED-based VLC system is established, where the crosstalk problem among parallel channels is considered. More specifically, an optimal power allocation scheme is proposed to maximize energy efficiency via collaboratively meeting the luminance, chromaticity constraints and signal to interference plus noise ratio (SINR) requirements. It is worth noting that the chromaticity specification for LED products has been established in [15] , where the chromaticity tolerance is modified to the quadrangle range to replace a fixed point in the Commission Internationale de I'Eclairage (CIE) 1931 chromaticity diagram, which provides more degrees of freedom to improve the performance of the system. Correspondingly, the optimization problem is convex, which can be solved by the efficient optimization toolbox CVX in MATLAB, which is utilized to solve convex programs. Finally, simulation results indicate that the error performance of the proposed scheme outperforms the conventional WDM-VLC model without considering the channel crosstalk problem. Meanwhile, compared with the fixed chromaticity coordinate constraint, the proposed scheme with the quadrangle range chromaticity constraint behaves more energy efficiently. Moreover, the effect of the proposed scheme under different correlated color temperatures (CCTs) is also discussed. To sum up, the performance of the proposed optimal power allocation scheme can reduce energy consumption while satisfying both the illumination and communication requirements.
The reminder of this paper is organized as the following sections: Section 2 provides the model of the multi-color LED-based VLC system considering channel crosstalk. In Section 3, the optimal power allocation scheme is proposed to maximize energy efficiency via collaboratively satisfying luminance, chromaticity constraints, and SINR requirements. In Section 4, simulations are carried out to show that the proposed scheme can achieve significant improvement for error performance and energy consumption. Finally, conclusions are made in Section 5.
System Model with Channel Crosstalk
For the indoor VLC system with intensity modulation and direct detection (IM/DD), a multi-color LED with N chips is employed as transmitters and N photodiodes (PDs) are employed as receivers. Thus, the information bits can be divided into N parts where each LED chip transmits the optical signals on one color. According to [14] , the optical power can be regarded as the combination of two parts where the direct current (DC) power corresponding to the average intensity is responsible for illumination and the alternating current (AC) power is used to provide the variation for communication. In a sense, the source of the DC power is the DC bias, and the AC power is the modulation signal for the VLC system. Thus, the optical power of the transmitted signal P can be expressed as: Typically, the line-of-sight (LOS) path can be assumed for the indoor VLC system where the receivers remain still and the reflected light is much weaker than the direct light [16] . A multi-color LED can be modeled as a Lambertian emitter, where the optical channel gain h ij between the i th color LED chip and j th PD can be expressed as [1] :
where φ is the angle of irradiance and ψ is the angle of incidence. m 0 is defined as the order of the Lambertian emission with
where Φ 1/2 is the semi-angle at half-power of the LED. Ψ C denotes the field-of-view (FOV) of the PD. d ij depicts the distance between the i th color LED chip, and j th PD. A r denotes the effective detector area of the PD. Accordingly, the optical channel model is shown in Figure 1 . Based on the analysis of [7] , the spectral power distribution (SPD) for the multi-color LED S(λ) with a peak wavelength λ 0 and half spectral width ∆λ 0.5 is modeled as:
where g(λ, λ 0 , ∆λ 0.
The spectral model of a typical red, amber, green, blue LED (RAGB-LED) is shown in Figure 2 at temperature of 300 K, where the optical channel crosstalk will be generated due to the overlapping spectra of the multi-color LED and the imperfection of the optical filters. Obviously, the received optical signal contains the desired signal and interference signal through color filters for the practical multi-color LED-based VLC system. Figure 3 shows the VLC system model considering the channel crosstalk problem, which implies that the conventional WDM-VLC system model is inappropriate. It can be seen that only the two adjacent color bands have the crosstalk problem due to their close wavelength. Thus, the color crosstalk matrix T can be described as [17] :
where ∈ [0, 0.5) denotes the crosstalk coefficient. Accordingly, the matrix T can be regarded as the identity matrix for the WDM-VLC system model. At the receiver side, the received signal corrupted by the shot noise and the interference caused by crosstalk can be expressed as:
where ρ denotes the optical/electric (O/E) conversion efficiency of the PD, H = diag([h 11 , h 22 , · · · , h NN ]) denotes the channel gain matrix where diag(·) is a diagonal matrix, and n can be modeled as signal-independent additive white Gaussian noise (AWGN) with zero mean and noise variance σ 2 [18] .
With the combination of Equations (1) and (5), the received signal can be rewritten as:
After removing the DC component, the received signal can be rewritten as:
Here, we assume the i th receiver is interested in the data from the i th color chip. Accordingly, the received signal from the i th color LED chip can be expressed as: 
System Design
As a major source of energy consumption, the lighting energy-saving problem has attracted considerable attention. Therefore, an energy-efficient VLC system should be established. In this section, based on the system model considering the channel crosstalk problem, an optimal power allocation scheme is proposed to maximize energy efficiency via collaboratively satisfying luminance, chromaticity constraints, and SINR requirements.
Illumination and Communication Constraints
(1) Chromaticity diagram Chromaticity is the basic characteristic of the color perceived by human eyes. Based on CIE 1931 [19] , the XYZcolor system has been established to reference tristimulus value matrix C = [X, Y, Z] T corresponding to the three kinds of cones of the human eyes, which can be modeled as:
where the color matching functions ϕ 1 , ϕ 2 , and ϕ 3 denote the spectral responses of the three kinds of cones. The SPD of the multi-color LED is given by S(λ) = ∑ N i=1P i S i (λ), where S i (λ) denotes the SPD of the i th color LED chip. Accordingly, the tristimulus values XYZ can be respectively expressed as:
and:
where
, and the matrix F can be defined as
. Thus, we can get the relation between the average transmitted optical power and the tristimulus values as:
The human eye color vision is the projection of (X, Y, Z) onto the plane of x + y + z = 1 in the x − y − z space, given by (x, y, z) as follows [11] :
Based on the above analysis, we define c = [x, y] T , and we can have the relation between the chromaticity coordinate of mixed color (x, y) in the CIE 1931 chromaticity diagram and the average transmitted optical power as:
(2) Quadrangle constraint:
According to the CIE 1931 chromaticity diagram, each coordinate represents a certain chromaticity. It is worth noting that the chromaticity change cannot be perceived in a certain range due to the limitation of human eyes. To specify the range of chromaticity recommended for LED products, ANSI C78.377-2015 [15] has been established to modify the chromaticity tolerances in the quadrangle range instead of a fixed point in the CIE 1931 chromaticity diagram, which provides more degrees of freedom to improve the performance of the system. Table 1 lists the (x, y) chromaticity coordinates of the center points and the four corners of each quadrangle range constraint for the target white color at different CCTs, which is shown in Figure 4 . Therefore, the mixed white light chromaticity constraint in a specific quadrangle range can be expressed as:
where k i and l i are the coefficients determined by the quadrangle range in the chromaticity diagram with i = 1, 2, 3, 4. In order to make the consistent form, Equation (15) can be rewritten as:
To simplify the expression of the quadrangle constraint (16), we denote:
where Since color matching function ϕ 2 is defined as the luminous efficiency function, the tristimulus value Y is roughly correlated with the luminous flux Φ induced by human visual strength, which can be expressed as:
where K m is the conversion coefficient for the power to luminous flux (P/F). Based on Equation (11), we have the relation between the luminous flux and the average transmitted optical power as:
We define ξ as the minimum luminance requirement, so the luminance constraint can be expressed as:
(4) Transmission power constraint:
Unlike the conventional radio frequency (RF), the minimum value of the instantaneous transmission power P should guarantee nonnegativity. As the modulated PAM signal is normalized in the range of [−∆ i , ∆ i ], the nonnegative constraint should satisfy:
T is the minimum level of the transmission power.
Meanwhile, considering the nonlinearity for the LED, the transmitted signal may suffer clipping distortion once the power exceeds the maximum value, so the maximum limitation for the power is necessary. Thus, the maximum transmission power constraint is:
T is the maximum level of the transmission power. Accordingly, combining Constraints (21) and (22), we can have the transmission power constraint as:
(5) Communication quality constraint:
The VLC technique is the combination of communication and illumination, so the communication quality needs to be satisfied, where SINR is an important factor for improving the overall system performance [20] . Based on Equation (8), the SINR constraint at the i th receiver can be represented as:
where E(p 2 i ) =
, and M is the modulation order. To simplify the expression, we let m i =
. To satisfy the communication performance, we set the minimum SINR requirement of the ith receiver as χ i . Thus, the communication quality constraint can be expressed as:
After the transformation of Equation (25), we have:
For the simple expression, we let
where Γ i is a nonnegative value, and β =
3(M−1)
M+1 . Thus, the SINR constraint can be transformed as:
Problem Formulation
In this subsection, we propose a power allocation optimization design to maximize the energy efficiency under the above-mentioned illumination and communication constraints for the multi-color LED-based VLC system. Thus, the main problem can be formulated as follows:
The optimization problem (28) is determined by three elements, the average transmitted optical power distribution of the multi-color LEDP, the power amplitude of the modulated optical signal ∆, and the coordinate in the chromaticity diagram c. It can be observed that the objective function is the minimum value subject to several linear matrix inequalities, so the optimization problem (28) is convex at each iteration, which can be solved by the interior point algorithm. In this paper, we adopt the CVX toolbox in MATLAB to solve the convex optimization problem [21] . Therefore, the proposed scheme can be summarized as Algorithm 1.
In Algorithm 1, we first create the the initialP (0) and ∆ (0) randomly satisfying all the constraints, and we set the decision threshold δ. After an amount of iterations, we can get the minimum transmission powerP
min in the i th loop satisfying the total transmission power
Since the values of initialP (0) and ∆ (0) are randomly chosen, we would repeat the whole iteration procedure for n loop times to achieve the accurate solution ofP. Now, we analyze the complexity of our proposed method in Algorithm 1. The convex optimization would be solved by the CVX toolbox, which has the complexity cost of O(T (N 2 + 2N) ), where T denotes the inner iteration number of the interior point method [21] . 
Simulation Results
In this section, simulations are carried out for the practical multi-color based VLC system to testify the performance of our proposed energy-efficient power allocation scheme, where RAGB-LED was employed as the transmitter. The simulation parameters are listed in Table 2 . Without loss of generality, the two-level PAM signal with M = 2 was utilized for transmission. We first compare the error performance of our proposed system model and the conventional WDM-VLC model ignoring crosstalk under different crosstalk coefficients at CCT = 5000 K. As shown in Figure 5 , compared with the WDM-VLC model, our proposed scheme can improve the error performance and achieve a 0.58-dB SNR gain with crosstalk coefficients = 0.05 at a targeted bit error rate (BER) of 10 −3 , while the SNR gain was 0.98 dB with = 0.1. Thus, we can conclude that the proposed scheme considering crosstalk can achieve better error performance for the practical VLC system. As for the influence of the data rate, based on a single and cascaded bridged-T amplitude equalizer, the bandwidth of the multi color chips was about 260 MHz after equalization [10] . After introducing the roll-off factor α = 0.3, the total data rate R can be calculated as:
where B is the bandwidth of the multi-color LED and M is the modulation order of the PAM signal. Therefore, we can conclude that higher-order modulation can achieve high data rate, while it may suffer performance loss caused by the clipping distortion. Since Ref. [15] has been established to modify the chromaticity tolerances in the quadrangle range to replace a fixed point in the CIE 1931 chromaticity diagram, more degrees of freedom can be achieved to improve the performance of the system. Figure 6 indicates the transmitted optical power of different colors versus the luminance requirement ranging from 10-150 lm. Compared with the fixed chromaticity coordinate constraint, which is regarded as the center point of the target color, the proposed scheme with the quadrangle range chromaticity constraint behaved more energy efficiently, reducing about 20% of the power consumption at most. We can see that the proportion of the optical power distribution for four colors kept relatively constant because of the quadrangle range constraint at low luminous flux. As the luminous flux became larger than 60 lm, the total transmission power increased with the luminance requirement, which implies that the luminance requirement became the main constraint at high luminous flux.
Since the parameters of the quadrangle range changed with the CCT values, the total transmission power under the chromaticity constraint of the quadrangle range is discussed for the different CCT values. As illustrated in Figure 7 , the curves had a consistent variation tendency for different CCT values. We can see that better performance can be achieved for CCT = 4500 K at low luminous flux, while smaller CCT values were preferred at a high illumination requirement to reduce power assumption.
To sum up, the recent works still have some drawbacks for the practical multi-color LED-based VLC system. Based on the above-mentioned analysis, compared with the WDM-VLC technique without considering the crosstalk problem, the proposed scheme can maintain better error performance. Moreover, compared with the fixed chromaticity coordinate constraint scheme, the proposed optimal power allocation scheme with the quadrangle range chromaticity constraint can reduce the energy consumption while satisfying the illumination and communication requirements. 
Conclusions
This paper has considered a multi-color LED-based VLC system where the crosstalk problem among parallel channels is taken into account to increase the practicality. Considering the necessary communication and illumination requirements, we have proposed an optimal power allocation scheme to maximize energy efficiency via collaboratively meeting the luminance, chromaticity, and SINR constraints. Simulation results have indicated that the proposed optimal power allocation scheme can achieve better error performance for considering the channel crosstalk problem. Meanwhile, lower power consumption with the quadrangle range chromaticity constraint can be achieved compared with the fixed chromaticity coordinate constraint. 
